Climbing fibers, the projections from the inferior olive to the cerebellar cortex, carry sensorimotor error and clock signals that trigger motor learning by controlling cerebellar Purkinje cell synaptic plasticity and discharge. Purkinje cells target the deep cerebellar nuclei, which are the output of the cerebellum and include an inhibitory GABAergic projection to the inferior olive. This pathway identifies a potential closed loop in the olivo-cortico-nuclear network. Therefore, sets of Purkinje cells may phasically control their own climbing fiber afferents. Here, using in vitro and in vivo recordings, we describe a genetically modified mouse model that allows the specific optogenetic control of Purkinje cell discharge. Tetrode recordings in the cerebellar nuclei demonstrate that focal stimulations of Purkinje cells strongly inhibit spatially restricted sets of cerebellar nuclear neurons. Strikingly, such stimulations trigger delayed climbing-fiber input signals in the stimulated Purkinje cells. Therefore, our results demonstrate that Purkinje cells phasically control the discharge of their own olivary afferents and thus might participate in the regulation of cerebellar motor learning.
Climbing fibers, the projections from the inferior olive to the cerebellar cortex, carry sensorimotor error and clock signals that trigger motor learning by controlling cerebellar Purkinje cell synaptic plasticity and discharge. Purkinje cells target the deep cerebellar nuclei, which are the output of the cerebellum and include an inhibitory GABAergic projection to the inferior olive. This pathway identifies a potential closed loop in the olivo-cortico-nuclear network. Therefore, sets of Purkinje cells may phasically control their own climbing fiber afferents. Here, using in vitro and in vivo recordings, we describe a genetically modified mouse model that allows the specific optogenetic control of Purkinje cell discharge. Tetrode recordings in the cerebellar nuclei demonstrate that focal stimulations of Purkinje cells strongly inhibit spatially restricted sets of cerebellar nuclear neurons. Strikingly, such stimulations trigger delayed climbing-fiber input signals in the stimulated Purkinje cells. Therefore, our results demonstrate that Purkinje cells phasically control the discharge of their own olivary afferents and thus might participate in the regulation of cerebellar motor learning.
motor control | olivo-cerebellar loop | complex spikes T he cerebellar cortex is involved in a wealth of functions, from the control of posture to higher cognitive processes (1) (2) (3) . Purkinje cells (PCs) are key processing units of the cerebellar cortex (4): each PC receives more than 175,000 parallel fiber synaptic inputs carrying information about the ongoing sensorymotor context. It also receives a single inferior olive afferent, the climbing fiber, which triggers a complex spike (CS), modulates PC firing (5), controls synaptic input plasticity, and has been proposed to carry error and clock signals to the cerebellum (2, (4) (5) (6) (7) (8) . PCs are grouped in multiple parasagittal microzones, each receiving projections from separate areas of the inferior olive and projecting to subregions of the cerebellar nuclei (CN) (9) (10) (11) (12) . In the CN, PCs make inhibitory contacts on excitatory neurons that project to various premotor areas and propagate cerebellar computations to the motor system. Anatomical evidence indicates that PC terminals also contact CN inhibitory neurons that target inferior olive cells (13, 14) . This nucleoolivary pathway is topographically organized in multiple parallel projections to the inferior olive subnuclei (15) , suggesting the existence of closed olivary-cortico-nuclear loops. Therefore, the discharge of a population of PCs in a microzone might not only shape the output of the cerebellum but also control its afferent climbing-fiber signal. Previous studies have shown that stimulation of the nucleo-olivary pathway significantly reduces olivary cell firing (16) (17) (18) and that pharmacological and genetic manipulations of PCs or olivary cell activity induce reciprocal modulations of the firing rate of PCs and climbing fibers (19, 20) .
These results indicate that PCs may tonically modulate the nucleo-olivary pathway. However, whether the cerebellar cortex can phasically recruit this pathway and whether this circuit functions as a closed loop is currently unknown. We thus set out to study the impact of phasic stimulations of PCs on corticonucleo-olivary loops. To control selectively PC firing rates, we engineered a mouse line expressing Channelrhodopsin-2 (ChR2) specifically in PCs. By combining optogenetic stimulation and in vivo electrophysiological recordings, we show that stimulating a set of PCs in a region of the cerebellar cortex triggers a restricted inhibition in the cerebellar nuclei and a transient disinhibition of the inferior olive cells that project to this set of PCs.
Results L7-ChR2-eYFP Mice Engineering. A genetically modified mouse (L7-ChR2) that expresses ChR2(H134R)-Yellow Fluorescent Protein (YFP) under the control of the regulatory elements of the pcp2 gene was created using the bacterial artificial chromosome modification strategy (SI Methods, Fig. 1A , and Fig. S1A ) (21) . Specific expression of the ChR2-YFP fusion protein in all PCs of the cerebellar cortex was detected by YFP fluorescence on cerebellar sections and confirmed by anti-calbindin immunostaining ( Fig. 1B and Fig. S1B ). GABA immunostaining and wholecell patch-clamp recordings in acute cerebellar slices showed no expression in molecular layer interneurons or Golgi cells ( Fig. 1D ). Behavioral tests were performed to assess motor performance of the mutant mice. No difference was found
Significance
The inferior olive, one of the major source of inputs to the cerebellum, sends climbing fibers to Purkinje cells, the key processing units of cerebellar-dependent motor control. Using an optogenetic strategy, we demonstrate that Purkinje cells disinhibit their climbing-fiber afferents via a poly-synaptic circuit. These findings identify a functional closed-loop organization in the olivo-cerebellar circuits that is potentially important for cerebellar motor learning.
between L7-ChR2 mice and wild-type littermates (Fig. 1C ), indicating that this transgene expression does not perturb motor functions.
Control of Purkinje Cells by Light. To characterize PC activation by ChR2, in vitro recordings were performed on acute cerebellar slices using whole-cell patch-clamp. Wide-field illumination with blue light ( Fig. 2A and SI Methods) systematically activated an inward current in all PCs tested (n = 65; Fig. 2 B-D). By restricting the field of illumination (SI Methods), we could show that ChR2 channels are expressed throughout PC dendrites ( Fig.  2B ) and estimate their density to be 150-300 channels per μm 2 illuminated [ Fig. S2 , assuming a unitary conductance of 100 fS (22) ]. We then set out to characterize the current induced in PCs by illumination as a function of irradiance and pulse duration. For a pulse duration of 1 ms, increasing irradiance enhanced the amplitude of the photocurrent up to several hundred picoamps ( Fig. 2C and SI Methods) with a decay time constant of 17.3 ± 8.5 ms (n = 11). For longer pulses (100 ms), the current rapidly desensitized to a stationary current at 58 ± 3% of the peak for stimulation frequency below 0.05 Hz (n = 5) ( Fig. 2 C, iv), in agreement with previous work (23) . The pulse frequency used in most of the experiments reported in this work was above 0.05 Hz, leading to a smaller peak current but a similar stationary current ( Fig. 2C ). Current-clamp recordings showed that light-evoked current carrying a charge above 14.7 ± 10 pC (n = 4) elicited an action potential in PCs (Vm = −60 mV) and that action potentials were repeated during burst illuminations of up to 10 Hz for irradiance above 8 mW/mm 2 (Fig. 2D ). These results demonstrate that, despite its very low conductance, the density of ChR2 channels is high enough to produce large currents and reliably elicit action potentials in PCs of L7-ChR2 mice.
Next, the activation of PCs was characterized in vivo using juxtacellular recordings in anesthetized mice. Blue-light illumination was delivered through optical fibers coupled to a LED and positioned in the vicinity of the brain surface (SI Methods and Fig. 2E ). In contrast to in vitro conditions, the irradiance received by the PCs in vivo depends strongly on the scattering of light in the tissue and varies as a function of the depth and orientation of the dendrite of the PC. PCs were identified by the occurrence of complex spikes (CSs), produced by the climbingfiber input, and by the frequency of spontaneous simple spikes (mean CS rate = 0.44 ± 0.63 Hz; mean simple spike rate = 39.7 ± 3.9 Hz, n = 19, n = 16 mice). Increasing irradiance intensity led to an increase in simple spike firing rate in all cells (n = 14) whose somata lie in the first hundreds of micrometers from the surface of the tissue (Fig. 2 F and G) . This increase in simple spike-firing rate could continue up to 500 ms (the longest duration tested) and reach up to 250 Hz. Further increasing the intensity induced a depolarization block consisting of a burst of spikes at light onset followed by a complete suppression of PC firing during the remaining time of illumination ( Fig. 2F ). Because of the diffusion of light (SI Methods; and see Fig. S5 ), depolarization block was not observed for cells distant from the tip of the optic fiber by more than 300 μm even at tip irradiance above 30 mW/mm 2 . Also, no depolarization block was elicited with short pulses of light (≤2 ms). To quantify the onset of the effect of illumination, the latency of the first spike after the onset of illumination was measured. This latency was significantly shortened to a median delay of 5.5 ms (n = 19) ( Fig. 2H ) for irradiance as low as 2.5 mW/mm 2 , and further decreased to a minimum median of 3.0 ms for an irradiance intensity of 19 mW/mm 2 ( Fig. 2H ). At the offset of the illumination, the time required to resume basal firing rate ranged between 10 and 30 ms ( Fig. 2I ). These findings demonstrate that ChR2-expressing PCs can be excited by light with high temporal precision in vivo.
Inhibition of Cerebellar Nuclei Neurons by Purkinje Cells. To assess whether the photostimulation of PCs was able to modulate the activity of their target neurons in the cerebellar nuclei (CN), in vivo extracellular recordings were performed with tetrodes in the CN while illuminating the ipsilateral cerebellar cortex (SI Methods and Fig. 3 A and B) . To increase the probability of stimulating the group of PCs that target the recording site in the CN, we used illumination parameters that maximize the number of PCs excited (optical fiber of 600 μm diameter, 100-ms pulses, irradiance at 60 mW/mm 2 ) (SI Methods). Using these conditions, only 10% of activated PCs are likely to experience intensities that trigger a depolarization block (SI Methods; and see Fig. S5 ). By illuminating the lateral part of Crus I, sites that induced inhibition in recorded units from the interposed nucleus were found (26/48 tested sites; 21 animals) ( Fig. 3 C-G). The suppression of firing was often accompanied by a small deflection in the field potential, presumably due to synaptic activation (red arrow, Fig. 3C ). Usually, several cells were recorded simultaneously by the tetrode at each recording site (3.7 ± 1.7 cells per site) ( Fig. 3B ). Among the 97 cells recorded at responding sites (i.e., where at least one cell was inhibited), 70 cells were inhibited by Crus I illumination whereas 27 did not respond (average of 76 ± 26% inhibited cells at each site). These cells exhibited a mean firing rate of 18.0 ± 13.1 Hz and a coefficient of variation of 0.58 ± 0.29 for the interspike interval.
To quantify the effectiveness of the inhibition, the parameters of illumination were then varied ( Fig. 3E and Fig. S3 ). Decreasing the intensity of irradiance to 19 mW/mm 2 did not change the proportion of responding cells at responding sites in the CN (72.8 ± 31% responding cells from 57 cells recorded at 25 responding sites in four mice), showing that this intensity is enough to recruit the minimum number of PCs necessary for CN inhibition. The duration of full inhibition (complete suppression of firing) increased with pulse duration and irradiance intensity ( Fig. 3E ). For 25-ms pulses, a complete inhibition of some CN units could be observed at irradiance higher than 3 mW/mm 2 . The mean latency to full inhibition was slow but variable (mean = 18.9 ± 11.7 ms at 19 mW/mm 2 and 19.7 ± 12.15 ms at 60 mW/ mm 2 ) ( these data show that illumination of PCs allows a dynamic control of CN firing (24) and that the duration of inhibition increases with the intensity and duration of light stimulations. Because PC inhibition has been proposed to produce a rebound excitation in CN neurons (25) , we examined whether the instantaneous frequency was significantly enhanced relative to baseline values when the cells resumed their firing. The inhibition produced by PC inputs did not trigger a detectable rebound excitation even at high irradiance (60 mW/mm 2 ) in most CN cells (about 90%) but was followed by either a progressive or a direct return of CN discharge to its baseline value after the end of the stimulation (Fig. S3 ). To test the spatial specificity of the responses, the light source at the surface of the cerebellum was displaced from Crus I to Crus II, once a responding site was found; in most cells, the light-induced inhibition was lost (n = 12/14 cells recorded, six recording sites, four mice) ( Fig. 3F ), consistent with the zonal anatomical organization of the cortico-nuclear pathway. We then mapped the region of the CN inhibited by activation of ∼1000-3000 PCs in Crus I (pulse duration: 100 ms, irradiance 19 mW/mm 2 ; see Fig. 3A , Fig. S5 , and SI Methods).
The cellular responses were explored by systematic penetrations in ranges of stereotaxic coordinates [antero-posterior (AP) −5.9 to 6.4, medio-lateral (ML) 1.5; 2.5, depth 2.1, 3.3], and the most responsive sites were located in a small area (AP −6.2, −6.4, ML 1.7, 1.9, depth 2.7; 3.2) (n = 106 cells, 53 recording sites, four mice) ( Fig. 3G and Fig. S3 ).
Activation of Purkinje Cells Controls Inferior Olivary Neurons Discharge.
We then set out to assess whether the stimulation of a population of PCs can stop the firing of CN neurons and then influence the discharge of inferior olivary neurons. Complex spikes (CS) in PCs were monitored in juxtacellular recordings in vivo as a readout of olivary cells discharge. The recorded PC and its neighbors were then excited using small optical fibers (diameter 50-200 μm), and the irradiance was adjusted to obtain a strong activation without depolarization block (mean = 20.6 ± 11.7 mW/mm 2 ). Local illumination by pulses of light lasting 35-500 ms elicited a CS in 25 out of 42 PCs (n = 25 mice) ( Fig. S6 ) with a mean latency of 138 ± 39 ms after the onset of the stimulation ( Fig. 4 A and B) . No response was observed for pulse durations of 10 and 20 ms. For pulse durations of 100 ms or less, most stimulation-induced CSs were elicited tens of milliseconds after the end of illumination, thus ruling out the possibility that CSs are a direct (artifactual) consequence of light stimulation. Indeed, no effect of illumination was detected in wild-type control mice either in PCs or in other cell types (n = 4 PCs, 7 non-PCs, presumably inhibitory interneurons from four wild-type mice). Interestingly, once a rebound CS was observed, the response rate was independent of the size of the fiber used (F(1,23) = 2.85, P = 0.10) and the irradiance at the tip of the optic fiber (F(1,52) = 0.73, P = 0.40). Therefore, data obtained using different irradiance intensities and fiber diameters were pooled together. No difference was observed in the onset of the CS responses for pulse durations between 35 and 500 ms whereas the offset of the response increased with pulse duration ( Fig. 4C ), suggesting that the beginning and the end of the response are locked respectively to the beginning-with a long delay-and to the end of the stimulation. Therefore, CS were evoked by pulses of irradiance around 20 mW/mm 2 using a 100μm optical fiber that should activate about 200-500 PCs ( Fig. 4A and Fig. S5 ). Taken together, these results indicate that, provided a critical number of PCs were illuminated for a minimal period (35 ms), the disinhibition of olivary neurons resulted in CSs evoked with a minimal delay of 80-100 ms. Moreover, experiments in which the optical fiber was moved along the transverse axis above the surface showed that the evoked CS response (i.e., the inferior olive disinhibition) decreased and disappeared together with the simple spike response (i.e., the direct activation of the recorded cell) ( Fig. 4E ). These results indicate that the set of PCs that control the climbing fiber afferent to a PC is localized close to that PC ( Fig. 4F) , consistent with the topographical organization of the cortico-nucleo-olivary circuit.
There is a substantial jitter in the time of occurrence of the CS after the onset of illumination (several tens of milliseconds) ( Fig. 4 B and D) , suggesting a temporal fluctuation of the responsiveness of the inferior olivary neurons to disinhibition. There was indeed a correlation between the probability of occurrence of the CS following the stimulation of PCs and the CS baseline firing rate ( Fig. S6B ), indicating that PC illumination is more efficient when olivary cells are more depolarized. Because inferior olivary neurons are known to express subthreshold oscillations spontaneously (26), we examined whether such oscillations would condition the timing of the CS evoked by PCs stimulations. Poststimulus time histograms were constructed by aligning individual trials on the time of the first CS after the onset of stimulation ( Fig. 4D , green ticks; 100 ms pulse, n = 8), and the evoked CS were found to occur preferentially ∼225 ms and ∼450 ms after a preceding spontaneous CS (Fig. 4D, Bottom) . These results show that the disinhibition of olivary neurons triggers CS spikes in phase with an ∼4-Hz subthreshold oscillation.
Discussion
In this study, a transgenic mouse line expressing ChR2 specifically in PCs is described and used to investigate the functional organization of the olivo-cerebellar circuit. The level of ChR2 (H134) expression yielded reliable and sustained currents (23, 27) in PCs and increased the cells' discharge. Focal illumination in one specific part of the cerebellar cortex (crus I) transiently inhibited 75% of the cells recorded simultaneously from the same tetrode in a restricted area of the cerebellar nuclei. Lowering the intensity of stimulation did not change the percentage of responsive cells at responsive sites, suggesting that the nonresponsive cells receive weaker PC inputs, as it has been suggested for nuclear GABAergic interneurons (28) . Although light stimulations took a few milliseconds to evoke spikes in PCs, the complete suppression of firing in CN cells was variable among cells and was reached on average in ∼20 ms, indicating the need for a high convergence of presynaptic PCs or a temporal summation of inhibitory PC inputs to fully inhibit CN neurons. Surprisingly, although sustained inhibition was induced in CN neurons following activation of PCs, rebound excitation (29, 30) was observed in only ∼10% of the cells, in agreement with the study of Alviña et al. (31) . Anesthesia might alter physiological properties of CN neurons. However, recent studies (25, 32) have demonstrated that rebound excitation in CN neurons requires the extensive activation of the presynaptic PCs. Thus, a more likely interpretation is that our protocol of illumination leads to poorly synchronized PC discharges and/or fails to recruit enough presynaptic PCs. The stimulation of PCs during tens of milliseconds elicited olivary discharge with an onset latency close to 100 ms and an offset latency that increased with stimulation duration. Such long-latency phenomenon has been previously suggested in behaving monkeys (33) by analyzing the simple spike discharge preceding complex spikes. In our experiments, the CS response started while the CN neurons were still inhibited, which rules out the recruitment of an (indirect) excitatory output of the CN to the inferior olive (15, 34) . However, the evoked CS is consistent with properties of the nucleo-olivary inhibitory pathway (35) , which is dominated by asynchronous release (17) leading to long latencies for inhibition (18) ; this mode of transmission should delay the transmission of changes in CN firing rate and filter out very transient suppressions of CN firing. Moreover, the variability of the latency of the CS response across trials seems to be partly due to intrinsic subthreshold fluctuations (26) (in our case, 4-Hz oscillation) of the membrane potential of inferior olivary neurons. Indeed, the maximal probability of occurrence of CS response was found in phase with olivary oscillations. Overall, the characteristics of the CS response to increased PC discharge are consistent with a disinhibition of the inferior olive via the nucleo-olivary pathway. Our results are also consistent with a topographical organization of the cortico-nucleo-olivary pathway. CN neurons inhibition was lost when the illumination was moved to a neighboring lobule. Moreover, the CS response in the recorded PCs disappeared as soon as direct excitation (evidenced by simple spike modulation) was lost when the optic fiber was moved away in the transverse direction. The combination of these results and those from previous studies (9, 16, 24, 26, 27, 30-32, 36) strongly argue for the existence of closed corticonucleo-olivary loops where spatially restricted sets of PCs control their afferent climbing fibers. The spatial extension of the set of PCs excited by our smallest illumination (around 300 μm diameter) is closer to the scale of cerebellar zones than of microzones (11) . Indeed, recent imaging studies in vivo describing synchronized CSs during sensory stimulation identified microbands narrower than 100 μm (37, 38) . Testing whether the control of the CS is segregated across such microzones may require the use of specific strategies (39) to restrict the expression of the opsin to single microzones and therefore circumvent the difficulty of illuminating very narrow bands of cells. The closed cortico-nucleoolivary loops will favor the triggering of a CS volley in a subset of PCs shortly after their firing rate is increased. Moreover, because the nucleo-olivary inhibitory pathway targets gap junctions between olivary cells and promotes their decoupling (7, 40) , the inhibition of this pathway should promote CS synchrony (19, 41) . This feedback excitatory loop could also modulate plasticity in the cerebellar cortex, for example, at the parallel fiber to PC synapse because the delay between the onset of the increased PCs firing and the rebound CS (around 100 ms) matches the optimal interval between parallel-fiber and climbing-fiber discharges required for the induction of long-term depression (42, 43) . Indeed, the nucleo-olivary pathway has been proposed to play important roles in conditioning (44, 45) , and an appealing possibility is that the cortico-nuclear pathway controls the contribution of the nucleo-olivary pathway to motor learning. A wide range of theoretical and experimental evidence has led to the proposal that learning mechanisms in the cerebellar cortex underlie the formation and the storage of internal models of the sensory-motor system (46) . These models convert desired movements into motor commands or predict sensory outcomes of planned movements (47) ; the adjustment of the models is performed by supervised learning via the climbing fibers. The cortico-nucleo-olivary pathway described in our study provides a way to propagate the predictions computed in the cerebellar cortex to the inferior olive, where it can be compared, with an appropriate delay, with the actual outcome of the ongoing task carried by other inputs to the inferior olive. Therefore, the closed cortico-nucleo-olivary loops may play an essential role in adjusting the internal models in the cerebellum.
Methods
All experimental procedures conform to Centre National de la Recherche Scientifique and National Institutes of Health guidelines on animal experi-mentation. A BAC transgenic mouse expressing channelrhodopsin-2(H134R) under the control of the regulatory elements of the L7-pcp2 gene was generated (21) (SI Methods and Fig. S1 ). In vivo extracellular recordings of PCs were performed in anesthetized animals (SI Methods). Means were given ± SD unless otherwise stated. . 1A) based on the pattern observed by Southern blot and pulsed-field gel analysis (including no visible reorganization of the BAC). This BAC was amplified and purified using a cesium chloride gradient. DNA was then dialyzed in oocyte injection buffer for generation of transgenic mice (injection performed by the Institut Clinique de la Souris, Illkirch, France). Founders were genotyped using two sets of primers ensuring the integrity of the inserted BAC: one set in the BAC backbone (forward: 5′GT-GATATCGCGGAAGGAAAA3′; reverse: 5′AGGATATAC-GGCAGGCATTG3′), another set encompassing the L7 homology box and the ChR2 cDNA (forward: 5′GCTTCTTCA-ACCTGCTGACC3′; reverse: 5′aaaaatgtgttcgcgccata3′). 1 and 2) or −70 mV (Fig. S2) . The pipette solution con-tained (in mM): KMeSO 4 135; NaCl 6, Hepes 10; MgATP 4; Na 2 GTP 0.4, with pH adjusted to 7.3 with KOH and osmolarity to 300 mOsm. Voltages were not corrected for the liquid junction potential, which was calculated to be 9 mV (i.e., the real membrane potential was 9 mV more hyperpolarized than reported). Currents in Purkinje cells were low-pass filtered at 2 kHz, and then sampled at 20-50 kHz. Acquisition of data and control of light illumination were performed using the WinWCP 4.2.x freeware (John Dempster, University of Strathclyde, Glasgow, UK).
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In Vitro Photostimulation. For experiments of Fig. 2 C and D, PCs were photostimulated using wide field LED-based illumination (collimated LED M470L2-C1 powered by a T-cube LEDD1B driver from Thorlabs or a collimated black LED 460 nm from Prizmatix) through the objective (20×, NA = 0.5) of the microscope (BX51 Olympus). Irradiance was measured with a PM100D power meter equipped with an S120C photodiode sensor (Thorlabs) under the objective, and the illuminated area was estimated to a disk of 600 μm. In Fig. 2B , a 473-nm diode-pumped solidstate (DPSS) laser (CrystaLaser) was used for laser scan illumination on an Olympus microscope. In Fig. S2 , photostimulation at 460nm (Lumen Dynamics X-cite XLED1) was carried out on an optogenetic workstation based on a Leica DM6000 FS fixedstage microscope, with patterned illumination (digital micromirror device; AndorTM Mosaic). The position and shape of illumination masks were verified by using a mirror slide straight after the experiment. The homogeneous illumination over masks of defined size enabled the accurate calibration of the irradiance. Recorded PCs were loaded with alexa 568 to draw the masks and estimate their depth (on average ∼30 μm below the slice surface).
Surgery. Mice were anesthetized using urethane (1.9 g/kg i.p.) and mounted in a stereotaxic frame (Model 942; David Kopf Instruments; or SR-6M; Narishige). Their body temperature was maintained at 36-37°C throughout the experiment using a heating blanket controlled by rectal temperature (CMA 450, CMA or TC-1000; CWE Inc). Before scalp incision, 3% lidocaine was injected s.c. at the incision site. After incision, the skull was exposed, and a craniotomy was drilled above the right cerebellar hemisphere. During surgery, a long pass filter (cut on 550 nm) on white-light apparatus was used to avoid spurious ChR2 activation. The surface of the cerebellum was kept moist with a saline solution throughout the experiment. For juxtacellular recordings, mice were ventilated (SAR-830/P, BIOSEB; Dwyer). All in vivo electrophysiological experiments were performed on anesthetized mice.
Rotarod. To evaluate motor coordination, mice were placed on immobile rotarod cylinders, which ramped up from 0 to 45 rotations per minute (IITC) in 180 s. The timer was stopped when the mouse fell off the cylinder or did a whole turn with it. For a given session, this procedure was repeated three consecutive times. The full experiment comprised three sessions per animal, separated by 90 min. Cerebellar Nuclei Recordings. For electrophysiological recordings, a commercial quartz tetrode (Thomas Recordings) was lowered into the right nucleus interpositus (from Bregma, −6.2 to −6.4 mm antero-posterior (AP), 1.5-2.0 mm medio-lateral (ML), and 2.4-2.8 mm below brain surface). As we showed earlier, these tetrodes produce more reliable penetrations of the cerebellar cortex and less tissue damage than conventional wire tetrodes (6) . Each tetrode was covered with dye (Vybrant DiI; Life Technologies), and its position in the nucleus interpositus was verified by post hoc analysis of cryostat brain sections. Extracellular potentials measured by the tetrode were amplified and digitized using a System 3 workstation purchased from Tucker Davis Technologies.
In Vivo Photostimulation of Purkinje Cells. Light was delivered to discrete areas of the exposed cerebellar surface using a highbrightness blue light emitting diode (LED) coupled with optical fibers of different diameters (50, 100, 200, and 600 μm, numerical aperture 0.22, 0.22, 0.48, and 0.37), purchased from Prizmatix or Doric Lenses. The LED had a peak wavelength of 460 or 463 nm and a spectral bandwidth (full-width at half maximum) of 27 or 24 nm. Light pulses were generated using a universal LED controller (Prizmatix; SLC-AA02-US; Mightex Systems) triggered from the electrophysiology acquisition software (WinWCP or Tucker-Davis). Optical power at the fiber tip was measured with a PM100D power meter equipped with an S120C photodiode sensor (Thorlabs). The waveform and timing of individual light pulses were monitored using a silicon photodiode (SM1PD1A; Thorlabs). All values of irradiance in the text correspond to the value at the tip of the optic fiber. For photostimulation of Purkinje cells, the tip of the optical fiber was positioned in close vicinity or in contact with the cerebellar surface (except in the experiments where the fiber was moved while recording the cell). Initially, a 200-μm fiber was used to study Purkinje-cell response to blue light in juxtacellular recordings and control the emission of spikes by olivary cells as shown in Fig. 4 . In an attempt to restrict the spread of light, a set of experiments with a fiber of 100 μm diameter (and a few experiments using a fiber of 50 μm) was performed. In these experiments, the irradiance at the tip of the optical fiber was adjusted to compensate for light diffusion between the optical fiber and the recorded PC (and its neighbors), so that it generated a strong increase in the frequency of simple spikes but remained below the threshold triggering depolarization block in the recorded PC.
A 600-μm-diameter fiber combined with high irradiance was used for the recordings in the cerebellar nuclei: in these experiments we needed to stimulate a larger area to increase the chance to stimulate the few tens of Purkinje cells that contact the cerebellar nuclei (CN) units recorded.
In the experiment of Fig. 4E for which the fiber was moved while recording the PC, the fiber had to be kept distant from the surface to avoid the loss of the cell, thus yielding more diffuse activation [these data were analyzed by comparing the occurrence of the light-evoked complex-spike (CS) response to the modulation of the simple-spike discharge as a signature of a direct effect].
Estimation of the Number of Stimulated Purkinje Cells. To estimate the number of cells activated during photostimulation, we first assessed the volume of tissue that received enough light to increase the simple spike firing rate and then calculated the number of Purkinje cells in this volume.
We first performed a series of experiments as in ref. 7 using freshly dissected hemisectioned cerebellum maintained in saline and embedded in 2% agarose gel to hold the surface horizontal. An opening in the agarose gel surrounding the tissue was made around CrusII to bring an optical fiber next to the cerebellar surface. The optical fibers (100 μm core 0.22 NA and 600 μm core 0.37 NA) were positioned against the pia in a plane parallel to the section and with a distance and angle relative to the surface as in the in vivo CN recordings ( Fig. 3 ) and evoked CS experiments ( Fig. 4 A-D) . The cut surface was imaged from the top using a CCD camera; this measure provides a coarse estimate of the power density distribution in the depth of the cerebellar cortex. Series of images were collected while the optical fiber was translated vertically to change the distance between the axis of the fiber and the plane of the section (Fig. S5) , thus exploring the lateral extension of the power density profiles.
We then estimated the volume receiving enough light to activate Purkinje cells (i.e., irradiances ≥ 2 mW/mm 2 ) in experiments aimed at studying the nuclear and olivary responses (Figs. 3A and 4A). For irradiance of 20 mW/mm 2 at the fiber tip (intensity used for mapping the CN responsive area and mean intensity in the study of olivary disinhibition), we identified on all images the pixels with intensities above 10% of the intensity of the brightest pixel immediately underneath the fiber. (This provides probably an overestimation of the volume because, for this brightest pixel, the irradiance is probably lower than the irradiance at the fiber tip, and thus the 10% threshold corresponds to an even lower irradiance threshold.) For the 100-μm fiber, this volume has a roughly conical shape, with a maximal width of 360 μm in the transverse direction and 800 μm in the sagittal direction. For the 600-μm fiber, we found a roughly spherical volume with a diameter of 1,300 μm. Purkinje cells are organized in layers that are intersecting these volumes. For planar layers, this intersection will have an elliptic surface of at most 0.2 mm 2 for the 100-μm fiber, and a circular surface of at most 1.3 mm 2 for the 600-μm fiber. In the mouse, the total surface of the Purkinje-cell layer has been estimated to ∼190 mm 2 (8) or 80 mm 2 (9) . According to these authors, the patch of activated Purkinje cells will represent 0.1-0.25% (respectively 0.7-1.6%) of the total Purkinje-cell layer surface when using a 100-μm (respectively 600 μm) optical fiber. Using a density of Purkinje cell of 1,018 per mm 2 [Napper and Harvey (10) ], this estimation would yield ∼200 Purkinje cells per layer for the 100μm fiber and ∼1,300 Purkinje cells per layer for the 600-μm fiber at 20 mW/mm 2 . For irradiance of 60 mW/mm 2 (used to study CN responses), the volume receiving enough light to activate Purkinje cells had a radial extension of 1 mm and maximal depth of 1.5 mm (with thus ∼3,000 Purkinje cells per layer activated), whereas the volume exposed to intensities above 10 mW/mm 2 (which provides a conservative volume where depolarization block may occur) has a radial extension of 450 μm and maximal depth of 750 μm, and thus represents only ∼10% of the activated volume. The 60 mW/mm 2 condition will thus increase the volume stimulated by a factor of 5 compared to the 20 mW/mm 2 condition.
Because we computed the widest intersection of a planar Purkinjecell layer, these numbers provide only order-of-magnitude estimates and not accurate numerical predictions; depending on the recording site, the topology of the lobule may bring one or two layers within the photostimulated volume. Therefore, we may consider that with a 100-μm fiber, we will activate 200-500 Purkinje cells whereas these numbers may be closer to 1,000-3,000 Purkinje cells with a 600-μm optic fiber at 20 mW/mm 2 and 5,000-10,000 Purkinje cells at 60 mW/mm 2 .
CN Data Analysis. Single units were isolated as described previously (4, 11) . Briefly, spikes were detected by thresholding of a highpass filtered version (1 kHz) of the continuous recording, and the main parameters of their waveforms were extracted. The data were then hand clustered by polygon-cutting in 2-dimensional projections of the parameter space using Xclust (Matt Wilson, Massachusetts Institute of Technology, Cambridge, MA). The quality of clustering was evaluated by inspecting the autocorrelograms of the units. To assess the presence of inhibition and to quantify its intensity, we applied more than 150 light pulses of various durations and intensities at 1 Hz or 0.3 Hz. Peri-stimulus-histograms (PSTHs) with bins of 2 ms were constructed. The latency to full inhibition corresponded to the time to the first empty bin after light onset, and the duration of full inhibition was obtained by counting the empty bins during or immediately after the light pulse. The instantaneous frequency was computed for each time bin (5 ms) by computing the geometric mean of the inverse of the interspikes interval that preceded all of the spikes occurring within this time bin. The ability of rhythmic trains of light pulses to constrain the firing of CN units is reflected by the presence of oscillations in the PSTHs during the stimulation. We therefore computed the power spectral density of PSTHs from experiments with 20 pulses of 12 ms and irradiance of 16.6 mW/mm 2 at 20 Hz/30 Hz; the peak value in the spectrum was normalized to the total power in the 0-to 100-Hz window.
Statistical Analysis. Means are given ± SD in the text unless otherwise stated. See figure legends for statistics in figures. Significance levels are indicated in figures as follows: (*) P < 0.05, (**) P < 0.01, (***) P < 0.001. The parameters (onset, offset, response rate) of the light-evoked CSs were obtained from the density of spikes convolved with a Gaussian kernel with a 20-ms variance; this convolution provides a curve similar to a peristimulus histogram with bin 20 ms; the baseline average (1 s before stimulation) was substracted from the spike density and the result was divided by the SD of the baseline. Significant departure from baseline over a search period T was detected when this studentized spike density departed by more than a zscore critical value corresponding to P = 0.05/(T/bin). We used a search period starting at light onset and ending 250 ms after the light offset. The response rate is defined as the number of CS observed during the identified time interval of significant deviation from baseline, divided by the number of trial. For the study of the dependence of the timing of CSs to the recent history of CS firing (Fig. 4D) , we constructed, for each cell in which CS frequency was above 0.1 Hz and for which at least 20 lightevoked CS were recorded, a PSTH aligned to the first CS response in each trial (with a response). Shuffled PSTHs were obtained by shifting each trial with a random number in the interval (−0.3; 0.3) ms. The average PSTHs were then compared with the average of 300 shuffled PSTHs.
Immunochemistry. Mice were perfused with 4% paraformaldehyde, and their brains were postfixed in 4% paraformaldehyde overnight. Sagittal Slices of 35 μm thickness were cut with a vibratome (Leica VT1000). Sections were washed three time with PBS and nonspecific staining was blocked for 24 h using PBS contaning 1% BSA, 4% normal goat serum, and 0.5% triton. Slices were incubated for 48 h at 4°C with the following antibodies: mouse anticalbindin monoclonal antibody (1:1,000; Sigma Aldrich) and rabbit anti-GABA polyclonal antibody (1:1,000; Sigma Aldrich). Then sections were washed with PBS (5 × 10 min) and incubated for 2 h at room temperature with Alexa Fluor 633-conjugated goat anti-rabbit antibody (1:500; Invitrogen) and Alexa Fluor 555conjugated goat anti-mice antibody (1:500; Invitrogen). . For each cell, a raster plot (Upper) is represented on top of the corresponding PSTH (Center; bin, 5 ms) and average instantaneous frequency profile (Lower; bin, 10 ms; gray lines correspond to mean ± 2 SD of the baseline values). Unlike the first cell (red dot), the two other cells (green and blue dot) readily resumed their firing with a strong locking relative to the stimulation. However, only the third cell (blue dot) exhibited a modest but significant peak in the instantaneous frequency, suggestive of a postsuppression "rebound excitation." (B) Superimposed (gray) and average (black) instantaneous frequency traces of 70 cells during the postsuppression period (bin, 10 ms). Traces from example cells are plotted in red, green, and blue, respectively. The bar graph summarizes the distribution of the cells in the three categories depending on their postinhibitory behavior: no rebound and progressive return to baseline firing rate (red, n = 44); no rebound and time-locked return to baseline firing (green, n = 18); rebound (blue, n = 8). The cut surface was imaged from the top using a CCD camera whereas the tissue was illuminated from the side through an optical fiber coupled to blue (470 nm) LED. The fiber was translated vertically (two headed arrow) to assess the lateral propagation of light. (B) Series of images taken for different vertical fiber positions using a 100-μm optical fiber with an angle of incidence of ∼30°and a distance to the pia of around 100 μm. The position of the fiber relative to the cut surface is indicated in white. Pictures were taken in the dark with a power at the fiber tip of 125 μW. The intensity of each pixel is expressed as a percentage of the intensity of the brightest pixel of the image series and color coded. The 10% isoline is delineated in white on each image. The color-coded image of the tissue is superimposed on a grayscale picture Legend continued on following page of the fiber obtained with a brightfield side illumination. Here, the hemisection was done coronally. (C) A similar series of images taken for different vertical fiber positions, using a 600-μm optical fiber. Here, the fiber was affixed perpendicularly to the pia, and the hemisection was performed parasagitally. The power at the fiber tip was 200 μW. The white patches in the grayscale picture are due to reflections of the brightfield side illumination on the surface of the liquid. (D) Decay of the pixel intensity as a function of distance from the brightest pixel. Pixel intensity profiles were measured for the upper fiber position (z = 0 μm) along 70 evenly distributed lines drawn through the tissue. All lines originated from the brightest pixel underneath the fiber tip (as indicated in the top right Inset). The average curves calculated from these profiles are plotted for the experiments shown in B and C. Note the much steeper decay of pixel intensity for the 100-μm fiber. The shaded area represents the SD for the 70 profiles along the lines radiating from the most intense pixel. 
